bolus. Results from the first and the second bolus were compared in terms of BBBP values and the quality of the linear model fitted to the Patlak plot, using generalized estimating equations with robust variance estimation. Results: BBBP values from the second bolus were not lower than BBBP values from the first bolus in either nonischemic brain tissue [estimated mean with 95% confidence interval: 1.42 (1.10-1.82) ml ؒ 100 g -1 ؒ min -1 for the first bolus versus 1.64 (1.31-2.05) ml ؒ 100 g -1 ؒ min -1 for the second bolus, p = 1.00] or in ischemic tissue [1.04 (0.97-1.12) ml ؒ 100 g -1 ؒ min -1 for the first bolus versus 1.19 (1.11-1.28) ml ؒ 100 g -1 ؒ min -1 for the second bolus, p = 0.79]. Compared to regression models from the first bolus, the Patlak regression models obtained from the second bolus were of similar or slightly better quality. This was true both in nonischemic and ischemic brain tissue. Conclusion: The contrast material from the first bolus of contrast for PCT does not negatively influence measurements of BBBP values from the second bolus. The second bolus can thus be used to increase anatomical coverage of BBBP assessment using PCT. 
Introduction
Brain perfusion CT (PCT) is currently used for the evaluation of patients with symptoms of acute stroke [1, 2] . PCT allows to distinguish between infarct core and brain tissue at risk [3] [4] [5] [6] [7] . More recently, PCT data were also used to characterize the blood-brain barrier permeability (BBBP) [8] [9] [10] , in an effort to predict which stroke patients are going to develop hemorrhagic transformation.
A well-known limitation of PCT is its limited anatomical coverage, typically 2-4 cm. One of the approaches to overcome this limitation is by scanning at two consecutive levels with two separate contrast bolus injections [11] . In terms of BBBP measurements, it was suggested in a recent study [9] that the contrast material from the first bolus could saturate the interstitial compartment, by extravasating from the vascular to the interstitial compartment. Theoretically this would impede further extravasation of contrast during the second bolus. BBBP values calculated from the second bolus would then turn out to be lower than they are in reality.
The goal of this study was to assess, in stroke and nonstroke patients, whether BBBP values extracted with the Patlak model from the second PCT contrast bolus are lower than the values extracted from the first bolus.
Methods

Design
Imaging data obtained as part of standard clinical stroke care at our institution were retrospectively reviewed with the approval of the institutional review board. At our institution, patients with suspicion of acute stroke and no history of significant renal insufficiency or contrast allergy routinely undergo a stroke CT survey including: noncontrast CT of the brain, PCT at two crosssectional positions, CT angiogram of the cervical and intracranial vessels, and postcontrast cerebral CT, obtained in this chronological sequence.
We retrospectively identified a consecutive series of 130 patients admitted to the UCSF Medical Center from January 2007 to June 2007 who met the following inclusion criteria: (a) admission to the emergency room with signs and symptoms suggesting hemispheric stroke within 12 h after symptom onset and (b) no evidence of intracerebral hemorrhage on the admission noncontrast CT. Patients' charts were reviewed for demographic and clinical data, as well as for the interpretation of imaging studies obtained during the hospital stay and discharge diagnosis.
Imaging Protocol
Each PCT study involved successive gantry rotations performed in cine mode during intravenous administration of iodinated contrast material. Images were acquired and reconstructed at a temporal sampling rate of 1 image/s for the first 45 s. Additional gantry rotations were obtained at 60, 90, 120, 150 and 180 s. Acquisition parameters were 80 kVp and 100 mAs. Two successive PCT series at two different levels were performed following the noncontrast CT and prior to the CT angiogram. The first PCT series was obtained at the level of the third ventricle and the basal ganglia, and the second PCT series above the lateral ventricles. For each PCT series, a 40-ml bolus of iohexol (Omnipaque, Amersham Health, Princeton, N.J., USA; 300 mg/ml of iodine) was administered into an antecubital vein using a power injector at an injection rate of 5 ml/s for all patients. The interval between both bolus injections was approximately 4 min. CT scanning was initiated 7 s after the start of the injection of the contrast bolus.
Image Postprocessing PCT data were analyzed utilizing PCT software developed by Philips Medical Systems (Cleveland, Ohio, USA). This software relies on the central volume principle, which is the most accurate for low injection rates of iodinated contrast material [12] . After motion correction and noise reduction by an anisotropic, edgepreserving spatial filter, the software applies curve fitting by least mean squares to obtain mathematical descriptions of the timedensity curves for each pixel. A closed-form (noniterative) deconvolution is then applied to calculate the mean transit time (MTT) map [13] . The deconvolution operation requires a reference arterial input function (most often within the anterior cerebral artery), automatically selected by the PCT software within a region of interest (ROI) drawn by the user. The cerebral blood volume (CBV) map is calculated from the area under the time-density curves [14] . The PCT infarct core and brain tissue at risk are automatically calculated by the software using CBV and MTT thresholds reported in the literature as the most accurate (PCT tissue at risk: MTT 1 145% of the contralateral side values, CBV 6 2.0 ml ؒ 100 g -1 ; PCT infarct core: MTT 1 145% of the contralateral side values, CBV ! 2.0 ml ؒ 100 g -1 ) [5] .
BBBP measurements were extracted from PCT data using a second, prototype software developed by Philips Medical Systems. This software is based on the Patlak model [15] , which is described in detail in the appendix. Applying the Patlak model to PCT involves performing a linear regression using data calculated from the delayed phase (not first-pass) of the PCT data sets [9] . The slopes of the acquired regression lines are used as an indicator of BBBP. Two variables measuring the quality of the linear fit were used to assess whether the PCT data from the second bolus met the assumptions of the Patlak model just as well as PCT data from the first bolus: (1) the square roots of the mean squared errors are a measure of variability around a straight line, i.e. a value close to 0 indicates a smaller spread of data points around the line, corresponding to a better fit; (2) the correlation coefficients (R) measure the strength of a linear relationship, i.e. an R value closer to 1 indicates a stronger linearity.
Slopes, square roots of the mean squared errors ( Ί MSE) and correlation coefficients (R) were measured in ROIs corresponding to vascular territories, drawn on each PCT slice. For the purpose of the statistical analysis, ROIs located within nonischemic brain parenchyma (both in stroke and nonstroke patients) were distinguished from ROIs in ischemic brain parenchyma (i.e. infarct core and tissue at risk, only present in stroke patients).
Statistical Analysis
The 3 parameters -slopes, Ί MSE and R -extracted from PCT data from the first and the second bolus in ischemic and nonischemic ROIs, were compared using generalized estimating equation models with robust variance estimation. The tested null hypotheses were that BBBP measurements (slopes) were not lower for the second bolus compared to the first bolus, and that linear regression fitting was not worse (higher Ί MSE and lower R) for the second bolus compared to the first. Because the distributions of the 3 mentioned parameters were not normal but skewed, estimated mean values were reported rather than simple means. For all values, 95% confidence intervals were also calculated.
Results
Patients and Imaging Studies
One hundred and thirty patients matched our inclusion criteria; 29 of these had an acute ischemic hemispheric stroke, and 101 did not have any abnormalities on their PCT studies (nonstroke patients). Final diagnoses in nonstroke patients were: transient ischemic attacks in 12, vertigo in 9, migraine in 7, other neurological disorder in 9, adverse drug reaction in 3, other nonneurological disorders in 12, undetermined in 49. In these 101 patients, the absence of hemispheric, ischemic stroke or major hemispheric abnormality was confirmed on follow-up CT or MRI, and clinical workup. Five patients were excluded from the nonstroke group, because of PCT data that could not be analyzed due to motion artifacts or improper timing of contrast bolus injection. The patient characteristics of the 29 stroke and the 96 nonstroke patients are summarized in table 1 .
The radiation dose for the prolonged PCT acquisition (cine mode over 45 s, then additional gantry rotations at 60, 90, 120, 150 and 180 s) was only 10% (0.25 mSv) higher than the dose for the conventional PCT protocol (cine mode over 45 s).
The Patlak analyses for the 29 stroke and 96 nonstroke patients were performed in a total number of 504 ischemic ROIs and 2,194 nonischemic ROIs.
BBBP Measurements and Parameters Describing the Quality of the Linear Regression according to the Patlak Model
BBBP values were calculated from the slope of the regression line fit to the Patlak plot ( table 2 , fig. 1 ). BBBP The ΊMSE is a measure of variability around a straight line: a value close to 0 indicates a smaller spread of data points around the line, corresponding to a better fit. The correlation coefficient R measures the strength of a linear relationship: an R value closer to 1 indicates stronger linearity.
values from the second bolus were not significantly lower than values calculated from the first. This was true both in ischemic (p = 0.79) and nonischemic ROIs (p = 1.00).
The quality of the linear regression, as part of the application of the Patlak model to the PCT data for BBBP measurement, was expressed in Ί MSE and R ( table 2 ) . Ί MSE values from the second bolus were not higher (variability around the regression line was not worse) than values from the first. This was true both in ischemic ROIs (p = 0.87) and in nonischemic ROIs (p = 0.63). Correlation coefficients R from the second bolus were not lower (linearity was not worse) than coefficients from the first bolus. This was true both in ischemic ROIs (p = 0.90) and in nonischemic ROIs (p = 0.99).
Discussion
Recently, there has been an interest in using PCT imaging to assess BBBP alterations that may be a predisposing condition for hemorrhagic transformation in acute stroke patients [8, 10] . In the pursuit of this objective, whole-brain coverage would be desirable, which in the case of PCT is achieved by obtaining 2 successive PCT series with 2 successive injections of a contrast bolus. However, a recent study [9] suggested that the contrast material from the first bolus could saturate the interstitial compartment, by extravasating from the vascular compartment to the interstitial compartment. Theoretically this would impede further extravasation of contrast during the second bolus. 2) were not lower than the values from the first bolus (bolus 1). c Patlak plots that were constructed from arterial and parenchymal time enhancement curves, as explained in the appendix, in an infarcted tissue ROI and a nonischemic tissue ROI. These Patlak plots illustrate how small the differences in slope (BBBP) and linearity between bolus 1 and 2 are. Of note, the slope of the plot from the infarcted tissue ROI is steeper than that of the nonischemic tissue ROI.
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In this study, we demonstrated that the contrast material injected for the first bolus does not interfere with the BBBP measurements from the second bolus. BBBP measurements from the second bolus were not lower than BBBP values measured from the first. The assumptions of the Patlak model are met equally well by the two boluses. This was true both for the ischemic and for the nonischemic brain tissue. The calculation of Patlak plots and BBBP values was derived exclusively from the delayed phase of the PCT acquisition, as this was demonstrated to be the most robust approach [9] .
We acknowledge several limitations to our study. For evident ethical reasons related to radiation dose, it was not possible to image the same levels twice with the two consecutive PCT contrast boluses. Instead, we decided to compare two boluses obtained at two different levels of the brain using generalized estimating equation models with robust variance estimation, to account for withinpatient correlations in addition to fixed effects for the two boluses, ischemic/nonischemic ROIs and their interaction. The different locations of the two PCT series could have influenced the amount of ischemic brain tissue in each of them (because of differences e.g. in gray-white matter ratio, hemodynamics or collaterals), which in turn could have impacted the comparison between the two boluses in terms of BBBP values. In any case, the quality of the linear regression required by the Patlak model was not different for the two boluses, and the values from the second bolus were not lower than those from the first, both in the nonischemic and in the ischemic brain parenchyma.
Finally, we limited our analysis to the Patlak model. The goal of this study was to evaluate how the Patlak model could be applied to PCT data. We did not assess other models that have been applied to PCT data to calculate BBBP, such as the distributed parameter model [8, 16] . Future studies are needed to determine whether our conclusions regarding the acceptable use of a second PCT bolus hold for these alternative models.
In conclusion, the contrast material from the first bolus of contrast for PCT does not negatively influence measurements of BBBP values from the second bolus. The second bolus can thus be used to increase anatomical coverage of BBBP assessment using PCT. Further research is required to investigate the relevance of these BBBP measurements in terms of their predictive value for hemorrhagic transformation in acute stroke patients.
